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Abstract 
BIPV/T collectors incorporated into building envelopes can be used to replace conventional building materials in roofs, skylights 
or façades. A new design of BIPV/T solar air collector prototype for façade retrofit with emphasis on simplifying the integration 
into the building envelope was developed. Experimental results show, that this new design BIPV/T solar air collector reaches a 
comparable thermal efficiency with the one of unglazed thermal collectors (UTC) with additional photovoltaic electricity 
generation, leading to 10-15% higher combined efficiency.  
Custom thermal and fluid network numerical models were created to analyze their performance. Models were validated at the 
Concordia University Solar Simulator Lab. This paper presents the work done on testing, modeling and performance evaluation 
using 5-plot system for open loop photovoltaic/thermal solar air collectors. 
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1. Introduction
The buildings sector is one of the major energy consumers in the world [1]. Designing buildings to achieve a
high energy efficiency level would lead not only to reduction in energy costs related to building and operating 
buildings, but also to a more rapid technological development of new and advanced building technologies. One of 
which is BIPV/T (building integrated photovoltaic/thermal) solar collectors. There are several examples of existing 
systems in Canada of air based building integrated PV/T collectors [2,3]. This technology shows a high potential of 
energy generation contribution to the overall energy mix in a low exergy or net-zero energy buildings (NZEB). 
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One of the reasons for slow PV/T market uptake is the lack of standardized testing procedures to characterize the 
performance of PV/T collectors and lack of certification of existing PV/T products. Performance certification is 
defined for either solar thermal systems [4,5] or for PV power systems [6,7], but currently not for combined systems 
with an open loop configuration [8]. Furthermore it is important that the reliability and life time of PV/T systems is 
thoroughly assessed, which requires further research and dedicated test procedures. Concordia University Centre of 
Zero Building studies is one of the institutions working on new types of  BIPV/T collector design, testing and 
modelling, working closely with building and photovoltaic industry partners in order to develop marketable BIPV/T 
products and solutions.  
A prototype of multiple inlet open loop building integrated photovoltaic/thermal air collector was developed, 
assembled and tested in Concordia university Solar Simulator laboratory. This studies main objective is to 
categorize an air based BIPV/T prototype using experimental data gathered in Concordia University Solar Simulator 
Laboratory. The BIPV/T prototype is made to be a modular plug and play solution for building façade and roof 
applications. It is built as a prefabricated wall element using curtain wall mullion extrusions to attach PV modules as 
exterior rain screen cladding. They are attached in a way that air collection behind PV panels is possible. The air is 
preheated by circulating outdoor air behind PV panels, so cooling them, which increases the photovoltaic module 
electrical efficiency and the warm air can be used in building HVAC system. This type of design simplifies the 
installation of BIPV systems over opaque areas of buildings and the prefabricated wall element can be used as a new 
building wall, roof or as a retrofit solution if designed accordingly.  
This paper consists of two parts: the new design photovoltaic/thermal air collector performance categorization 
with experimentally obtained data and developed numerical model simulation results. 
2. Methodology
The experiments were carried out in Concordia University, Montreal, Canada, Solar Simulator and
Environmental Chamber Laboratory (SSEC). The BIPV/T wall prototype consists of 3x60 W 1030x548 mm 
monocrystalline silicon (c-Si) cell PV panels mounted on an insulated 5cm x 10cm wood stud stick wall with 
attached aluminum extrusions, used in curtain wall industry, to create a sealed 7 cm gap for air circulation beneath 
the PV panels. Total area of the BIPV/T air collector test specimen was 1.73 m2. PV array was connected in series. 
Multiple inlets are created for higher thermal and electrical efficiency. The thermal resistance of the insulated 
BIPV/T collector back wall corresponds to 2.13 m2 . K/W. On the BIPV/T collector side’s buffer panels were 
created, to replicate a continuous wall mounted on a building façade with same thermal conditions in the air channel, 
to eliminate heat transfer to the sides of the collector. Two PV panels were opaque with black polyvinyl fluoride 
(PVF) back cover and the last one was with semitransparent PVF back layer. The PV panels were custom made in 
PV module manufacturer factory. The assembled prototype under test conditions is visible in Figure 1a. This 
BIPV/T air collector prototype is open to ambient, taking outdoor air in and preheating it for further use in the 
building. 
2.1. Experimental setup 
The experimental setup schematic is shown in Figure 1b. The test area is illuminated by a lamp field, which 
consists of 8 Metal Halide Lamps (MHG) with 4.6 kW maximum power each. These lamps provide a spectral 
distribution, which fulfills the specifications of standards EN 12975:2006 and ISO 9806-1:1664. The lamp field can 
be inclined from 0o to 90o and each lamp row can be moved electrically. Each lamp can be dimmed separately from 
100% to 75% of maximum power output to achieve required irradiation levels and homogeneity over the test 
specimen area. The Concordia University Solar Simulator is able to achieve 1000 W/m2 irradiance with a 
homogeneity of +/- 5% for a 1.0 x 2.0 m specimen. Artificial sky, which is mounted on the lamp field, removes the 
longwave infrared radiation emitted by the high temperature MHG lamps, by circulating cooled air between 4 low-
iron with anti-reflective coating glass modules. An X-Y scanner with pyranometer, solar cell and anemometer is 
used to measure the wind speed and irradiation levels over the test area. External wind is created by a ventilation 
unit with two cross-flow fans.  
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Air collection is performed with solar air collector test stand with volume flow range from 30-530 m3/h. The 
system is open loop as seen in Figure 1. Temperatures of back surface of PV, back wall air temperature along and 
across the channel were measured every 5 seconds with +/-0.5 K accuracy. Additional thermocouples and RTD’s 
were added to measure ambient temperature, inlet air temperature, air temperature above the PV panels along the 
collector. Also infrared pictures were taken at steady state conditions to identify the thermal performance of the 
PV/T collector through infrared imaging studies. The PV cells were connected to an electronic load that allowed 
keeping the PV operating at optimal power point. For modeling purposes emissometer was used to measure the 
emissivity values of PV and channel surfaces. Air velocity inside the channel was measured at different mass flow 
rates and irradiation levels at different points in the channel with a hot wire anemometer with air velocity range from 
0.1m/s up to 30m/s with accuracy of +/-2.0% of reading at every steady state. More details on this in [9]. 
2.2. Procedures to experimentally characterize performance of the collector 
Measurements were obtained for varying mass flow rate between 25-400 kg/hr, which corresponds to average 
0.09-0.71 m/s air velocity in the channel, at three different exterior wind conditions (0, 0.6 and 2.5m/s) varying 
irradiation levels between 1010 and 535 W/m2. The collector was at 90o tilt, simulating vertical façade application. 
The results are presented for 0.6 m/s wind speed and further experimental activities will include different exterior 
wind speeds.  
To characterize experimentally an open-loop multiple inlet building integrated photovoltaic/thermal unglazed air 
collector in an indoor solar simulator 5-plot system suggested by [8,10] was used. The results for measured cases are 
presented in Figure 3. To support the conditions outside of the indoor simulator capabilities, the developed model 
simulated points were used to complete the 5-plot system graphs.  
In order to read the performance graphs, the following order must be followed. Graph (1) shows the thermal 
efficiency as a function of mass flow rate. One 5-plot system for photovoltaic/thermal solar air collector can be 
obtained only for one wind speed only, unfortunately. Thermal efficiency is calculated as shown in equation 1. 
Graph (2) shows the temperature rise in the collector dependence from mass flow rate and irradiation levels. 
Temperature rise is the temperature difference between ambient room air temperature and temperature measured at 
the outlet of the collector. Graph (2) measured values are obtained by varying mass flow rate levels at the same 
irradiation level, which was 1010 W/m2 for this particular case. Graph (3) shows the temperature rise and ambient 
temperature influence on outlet temperature. The outlet temperature and irradiation level influence to temperature of 
photovoltaic cells is shown in graph (4). From photovoltaic cell temperature obtained in graph (4) and irradiation 
levels the maximum power point of the PV modules can be estimated in graph (5).  
Fig. 1. BIPV/T prototype experimental setup in Concordia Solar Simulator (a) and open loop setup schematics (b). 
To characterize the photovoltaic cell electrical performance dependence from temperature, temperature 
coefficient was obtained measuring photovoltaic module average back temperature distribution and electric power 
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production at maximum power point, measured with I-V curve tracer at steady state conditions at the same 
irradiation levels and varying cell temperature by changing air collection mass flow rates. This was done only for 
one irradiation level, but in future prototype testing, more irradiation levels will be used, for performance curves at 
different irradiation levels. 
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The photovoltaic string efficiency dependence on temperature is presented in figure 2. The average and highest 
back surface of PV temperature was used to compare the effect on the temperature coefficient correlation for the 
electrical output of the PV module string. Based on recommendations by IEC 60904-5, equivalent cell temperature 
must be used to obtain the temperature coefficients for PV cells [10]. The temperature distribution in the range of 45 
and 75oC was obtained by varying the wind speed and mass flow rates, which was a satisfactory result for this set of 
experiments. The PV module consists of 18 cells connected in series and PV string has three modules connected in 
series as well. Measured reference string efficiency is 12.57±0.2 % with the temperature modifier value of 
0.0005±0.00002 %/K at 59.9oC reference temperature. This was used in the numerical model. 
3. BIPV/T numerical model
A mathematical model based on experimental data was developed. BIPV/T system modeling is based on previous
experiences from work with similar systems in Concordia University [11,12]. This air collector design involves 
numerical flow distribution [9], thermal and electrical models. 
The applied model is a steady state one dimensional fully-explicit finite difference scheme. The details can be 
found in [11]. The exterior convective heat transfer coefficient is estimated by Sharples and Chralesworth 
correlation for the experimental setup [13]. The average Nusselt number coefficient correlations shown in equation 2 
and 3 were found to give the best result comparing to experimental data for Reynolds numbers between 250 and 
7500 [11]. 
4.078.0 PrRe052.0 ⋅⋅=topNu (2) 
4.0471.0 PrRe017.1 ⋅⋅=botNu (3) 
Interior and exterior radiative heat transfer was calculated using the exact value of the radiative heat exchange 
between two plates and is well described in [11,12]. The view factor value is 1, since the plates are parallel to each 
other. For future model view factor calculations will be taken into account for accurate radiative heat transfer 
modeling while studying different air collector design configurations.  
Fig. 2. Estimated PV efficiency temperature modifier (a) and measured and simulated power of the PV string (b).  
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Electrical efficiency model is a simple linear model taking into account PV module efficiency variations due to 
temperature effect adopted from [10]. In this model the PV string efficiency temperature modifier was estimated 
experimentally, applied and shown in equation 4. 
)()( Re,,, fPVPVrefmpprefPVmppPV TTT −⋅−= γηη  (4) 
The energy balance is demonstrated in the majority of the publications done in Concordia University research 
group and can be found in provided references [11,12]. The system of equations is solved using non-linear equation 
solver in Matlab. 
The thermal and electrical performance of the prototype is demonstrated in figure 3 as a 5-plot system adopted 
from [8,10] like mentioned before, which will be used as a system for future prototype performance comparison. 
The measured performance points were plotted against the developed numerical model of the collector with a ±2% 
error. The limitations of this 5-plot system approach are that these plots apply only to the tested and simulated cases 
(one exterior wind speed value, ambient pressure and humidity values, PV cell array connection, etc.). 
4. Conclusions
An experimental investigation of a BIPV/T open loop air collector has been carried out in Concordia University
indoor solar simulator. Thermal and electrical performance was investigated and mathematical model was developed 
and compared to measured experimental data. This model will be used for further performance investigation studies 
and BIPV/T system application studies, since the new BIPV/T open loop air collector prototype design shows 
potential for façade and roof applications due to ease of installation and increased thermal and electrical efficiency 
comparing to one inlet systems [12]. A methodology for prototype testing and performance comparison using 5-plot 
system demonstrated the potential for future work related to prototype development and performance 
characterization of open loop air based BIPV/T solar collectors.    
(1)
(3)(2)
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Fig. 3. 5-plot system representing open loop air based BIPV/T collector.
Nomenclature 
Tin   room temperature, oC  
G  total irradiation over the collector area, W/m2
mo   total mass flow rate, kg/hr 
A   collector area, m2
Re Reynolds number 
Pr Prandtl number 
Opv   PV string efficiency 
Ompp Measured PV string efficiency at reference point 
Nmpp,ref  PV string efficiency modifier at reference point 
Tpv Average PV module back temperature, oC 
Tpv ref Average PV module back temperature at reference point, oC 
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